We study the wakefield in a plasma filled rectangular waveguide based on a differential equation derived in terms of the wake potential , when the pulse duration matches with inverse of the plasma frequency f p 1 . This equation is solved using fourth-order Runge-Kutta method for the Gaussian-like profile of the microwave pulse. The effects of microwave frequency f , waveguide width b and microwave intensity I are investigated on the wakefield E W . The amplitude of the wakefield is found to increase with microwave pulse duration and its intensity, but it gets decreased with microwave frequency and waveguide width. By optimizing various parameters, we can achieve wakefield of appreciable strength for the purpose of particle acceleration.
INTRODUCTION
The subject charged particle acceleration has received worldwide attention due to its varied applications in the field of nuclear physics, high energy physics, harmonic generation, free electron lasers, material science, etc. Plasma based accelerators stand first because of their ability to sustain extremely large acceleration gradients, which are approximately three orders of magnitude greater than that achieved in conventional RF linacs. The use of laser plasma accelerators has been made in radio isotope production through , n length is much larger than the half of the plasma wavelength [21] . The amplitude of the laser wakefield has also been found to increase by the ionization processes of the gases at comparatively higher laser peak intensities [22] . A capillary tube can be used as a waveguide in order to enhance the interaction length [23] . Tapered plasma channels have been proposed for the enhancement of interaction length to achieve greater acceleration [24] . On the other hand, efforts have been made related to wakefield excitation by relativistic electron bunch [19, 20] , and coupling of longitudinal and transverse motion of accelerated electrons in laser wakefield [8] . Lotov [7] has analytically studied the laser wakefield acceleration in narrow plasma filled channels. With regard to the importance of polarization effects, Kado et al. [25] have observed strongly collimated proton beam from Tantalum targets when irradiated with circularly polarized laser pulses. With the help of radially polarized ultra relativistic laser pulses, Karmakar and Pukhov [26] have shown that collimated attosecond GeV electron bunches can be produced by ionization of high-Z material. They also compared the results with the case of Gaussian laser pulses and found that the radially polarized laser pulses are superior both in the maximum energy gain and in the quality of the produced electron beams. Xu et al. [27] made a comparison between circularly polarized (CP) and linearly polarized (LP) fields with regard to the laser driven electron acceleration in vacuum and found that the CP field can give rise to greater acceleration efficiency.
Analytical investigations on wakefield acceleration using a dielectric lined waveguide structure showed the acceleration gradient for electrons or positrons in the range of 50-100 MV/m for a few nC driving bunches [28] . In another wakefield accelerator, a peak acceleration gradient of 155 MeV/m was predicted for a 2 nC rectangular drive bunch [29] . Jing et al. [30] have found transverse wakefield of about 0.13 MeV/mnC (0.2 MeV/mnC) due to X-dipole modes (Y-dipole modes) in an X-band structure generated by an electron bunch in dipole-mode wakefield in a waveguide accelerating structure. On the other hand, microwaves have been used in experiments for the particle acceleration via v p B process [31] [32] [33] and resonance absorption during wave particle interaction [34] . Short microwave pulses have also been used in some experiments to excite a nonlinear large amplitude ion wave at resonance absorption region [35] . In different type of approach, Jawla et al. [36] have shown that the modified mode excited in a plasma filled waveguide under the effect of an external magnetic field can be quite useful for the electron acceleration using high intensity microwaves. Kumar and Malik [37] have discussed the importance of obliquely applied magnetic field to an electron acceleration and obtained that the larger acceleration is possible when the condition p > c ( p is the electron plasma frequency and c is the electron cyclotron frequency) is achieved in the plasma filled waveguide. Also, recently it was proposed to use the field of superposed mode in waveguide for the effective electron acceleration [38] . This is clear that except some attempts in waveguides for the wakefield excitation by electron bunches [28] [29] [30] the lasers have been extensively used for the purpose of particle acceleration [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , and noticeable amount of energy gain has been achieved for the electrons and protons. These types of systems cost very high and very sophisticated instrumentation is also required for the specific/accurate measurement on ultra fast time scale. However, in view of low cost structure and significant acceleration by moderate intensity microwaves, we investigate here the wakefield excited by Gaussian-like microwave pulse in a rectangular waveguide filled with homogeneous plasma. The present calculations and the results would be beneficial for the development of particle accelerator using microwaves in place of ultrahigh lasers. 
BASIC FORMULATION
We consider that a microwave pulse of pulse duration at a frequency f propagates in a plasma filled rectangular waveguide of dimensions b h m 2 whose width is b along x-axis and the height h along y-axis. This pulse resonantly excites the wakefield (corresponding potential ) in the waveguide under the action of ponderomotive force (Fig.  1) when the pulse duration matches with the inverse of the plasma frequency f p , i.e. = f p 1 . The plasma with ambient density n 0 is assumed to be cold and collisionless, and the motion of ions is neglected in view of high frequency microwave field. We take n e and n i as the densities of the electrons and ions, respectively, The electric and magnetic fields associated with the microwave are represented by E and B . We use fluid approach and write below the basic fluid equations together with the Maxwell's equations describing the propagation of microwave pulse in the plasma.
. B = 0,
0 . E W e n i n e ( )= 0.
In the above equations, J = n e e v and the electrostatic field E W = z is along z-axis together with as the wake potential. We assume that the microwave pulse propagates in homogeneous plasma without change in its shape and its electric and magnetic field components in the waveguide made of perfectly conducting material are given by
The ponderomotive force of microwave pulse expels the electrons from their equilibrium position. We consider the perturbation in electron density as 1 e n and take n e = n 0 + n e1 , whereas the ion density n i = n 0 in view of their heavy mass. With the help of this we linearize the above equations. The linear system is further simplified by transforming to a frame comoving with the microwave pulse and assuming the system to be nonevolving, i.e. all the quantities depend only upon = z v g t , where v g is the group velocity [15, 18, 24, 39] . This is done in order to analyze the wakefield in the frame of reference which is stationary with respect to the wake plasma wave, as this plasma wave is excited by the ponderomotive force created by the photons with the phase velocity equal to the group velocity v g of the pulse [39] . In some studies this transformation is carried out at the level of phase velocity c of the laser in underdense plasmas as the group velocity v g c [12, 13, 22, 40] . As per the mechanism for generating the wake under the effect of given field of microwave the electrons set transverse oscillations in y-direction and pick up the momentum from the pulse along z-direction [39] . Under this situation, the veloc- n e1 x = 0 . We decompose Eqs. (1)- (6) into their components by taking in (x-z) plane. Under these conditions, we obtain the following equation from Eqs. (1)- (6) for the homogenous plasma where n 0 = 0 .
( )cos ( ) is the group velocity of the microwave. Now we integrate Eq. (7) under the condition that all the oscillating quantities vanish far away, i.e. as in order to obtain
From Eq. (11) 
Now we simplify the above equation along with the use of weakly nonlinear theory which employs n e1 << n 0 . Therefore, we get
We put the value of n e1 from Eq. (14) in Eq. (17) and then integrate the resultant equation for obtaining
Here prime denotes the differentiation with respect to .
Using Eqs. (12) and (13) we eliminate B x0 and B z0 for Gaussian-like field profile of microwave pulse, given
(2). Finally we achieve the main equation in terms of wake potential as follows
In order to analyze the physics behind the various terms of Eq. (19), we mention that this equation can be viewed as the equation governing the forced (driven) harmonic oscillator. In this equation, the last term is the force term that evolves due to the microwave field (ponderomotive force) and drives the wake in the plasma. The third term is proportional to and hence its coefficient determines the natural frequency of the wake. The second term is the damping term through which the nonlinearity enters the system as it is proportional to square of (nonlinear term). Finally we can say that the wake with potential is evolved in the plasma as a combined contribution of each term of Eq. (19). Fig. (2) . Gaussian-like field profile of microwave pulse correspond-
NUMERICAL STUDIES
We solve Eq. (19) numerically for using fourth-order Runge-Kutta method by giving typical values to microwave intensity I (corresponding field E 0 ), its frequency f (= / 2 ) , equilibrium plasma density n 0 and waveguide width b . Here we consider the initial conditions as and its derivative to be zero at = L (front of the pulse). The microwave field is made confined within > 0 and < L , i.e. 0 L . The boundary condition that the tangential component of electric field vanishes at the waveguide walls has already been used in obtaining the main governing equation (19) . From the numerical results, we evaluate the wake behind the microwave pulse, i.e. at < 0 . Then from the profile of wake potential, we find the associated wakefield which is used for the purpose of the particle acceleration. Here it is worth noting that the wake potential of strength 1.6 10 5 V and the corresponding wakefield of about 3 MV/m (Fig. 4) is obtained with the use of moderate intensity microwave pulse. In the present mechanism, it is expected that the wakefield of the order of GV/m can be excited if the microwave pulse of intensity TW/m 2 are available, though in usual wakefield generation schemes ultrahigh intensity (~ 10 20 V/m 2 ) laser pulses are required [6] [7] [8] [9] [10] [11] 21] . In order to see the effect of microwave frequency on the wakefield structure, we have prepared Fig. (5) at f = 10 GHz . By comparing this figure with Fig. (4) we realize that the wakefield gets reduced for the larger microwave frequency. This is consistent with the lower wake potential (Fig. 6) attained by the microwave with higher frequency. Finally this can be investigated from Figs. (3-6) that the wakefield produced in the rectangular waveguide (bounded system) is dispersive in nature contrary to the one in unbounded plasmas. Fig. (6) . Wake potential corresponding to Fig. (5) , showing the effect of microwave frequency when compared with Fig. (3) .
Figs. (7) (8) (9) (10) show the effect of waveguide width b and the microwave pulse duration on the structure of wake potential and the wake field. Here it is evident that the wake with lower potential is developed in the waveguide of larger width (compare Figs. (7) and (3)). The lower wake potential corresponds to the smaller wakefield (Fig. 8) . However, it is evident from Fig. (9) that the larger amplitude wakefield is excited by a longer microwave pulse (compare Fig. (9) with Fig. (4) ). Under this situation, wake with higher potential is correspondingly occurred (Fig. 10) . Now we focus on the maximum amplitude of the wakefield E W under the effect of waveguide width and microwave parameters. The effects of microwave frequency f and the intensity I on this wakefield amplitude is shown in Fig. (11) for the same parameters as used in Fig. (3) . It is evident here that the wakefield of lower strength is obtained at the higher frequency of microwave. The decreased wakefield for larger microwave frequency can be explained on the Fig. (8) . Wakefield profile in the waveguide corresponding to Fig.  (7) for the larger waveguide width. Fig. (9) . Wakefield achieved by longer microwave pulse ( = 0.9 ns ) for other parameters the same as in Fig. (3) . Fig. (10) . Profile of wake potential for = 0.9 ns and when other parameters are the same as in Fig. (3) . basis of force term in Eq. (19) . Actually the group velocity v g gets larger with the increasing frequency f . This leads to weaker driven force via last term in Eq. (19) . Therefore, the wake with smaller amplitude is excited in the waveguide. Also, the wakefield is found to be sensitive to the microwave frequency and it gets reduced from 6 MV/m to 1.7 MV/m when the frequency is increased from 8 GHz to 11 GHz. However, the wakefield amplitude gets increased for the higher microwave intensity. Similar effects of the microwave frequency and intensity on wakefield amplitude have been observed in the case of laser induced wakefield in an unbounded plasma, where analytical calculations were carried out [6] . In Fig. (12) we show the dependence of maximum amplitude of wakefield E W on the waveguide width b and pulse duration when I = 1 GW/m 2 and f = 8 GHz. Here it is clear that larger amplitude wakefield is achieved when longer microwave pulse (large ) is used in the narrower waveguide (small b ). The reason of the higher wakefield for the longer pulse duration can be understood on the basis of density perturbations. Actually for longer pulse durations the condition = f p 1 is satisfied for lower density of the plasma in the waveguide. Since we are keeping the microwave intensity fixed, due to the lower density in the waveguide higher density perturbations would be achieved for larger pulse durations. Consequently, larger magnitude wakefield would be produced by the higher density perturbations. The opposite behaviour of wakefield amplitude with the waveguide width is also evident from Fig. (12) and the amplitude E W gets reduced when the wakefield is excited in a wider waveguide by the microwave pulse of same parameters. Here it would be worth mentioning that under the larger waveguide width the force term of Eq. (19) gets smaller due to the increased velocity v g . Hence the smaller amplitude wakefield is achieved. Further, this can be seen that the wakefield is sensitive to the waveguide width. 
WAKEFIELD NEAR CUTOFF CONDITIONS
From the above Figs. (3-12) , we can observe that the wakefield of larger amplitude is obtained for the smaller waveguide width and the longer pulse duration. Since the cutoff frequency f c gets higher under the effect of decreased width b and plasma density n 0 , for fixed microwave frequency these effects can be viewed as if the microwave frequency is brought near the cutoff frequency f c . Therefore, it would be of much interest to investigate the wakefield structure near cutoff conditions, i.e. when f is near cutoff frequency f c . We present these results in Figs. (13) and (14) for f = 6.76GHz whereas f c = 5.11GHz . It is clear from Fig.  (13) that under this situation the amplitude of wake wave gets increased as we move away from the microwave pulse, i.e. for decreasing values of . Further it can be noticed that various peaks develop along waveguide width during the growth of wakefield amplitude and it becomes unstable. Therefore, it appears that some instability develops near the cutoff conditions. In order to further investigate this effect, we show in Fig. (14) the maximum distance by which this growth occurs. Here, we observe that the amplitude gets terminated around = 3.7 L in the plasma and the field breaks down.
In view of the above results, it is suggested that the microwave of higher frequency should be employed so that any instability does not grow in the system and the wakefield can be effectively used for the purpose of particle acceleration. The present mechanism of wakefield generation can be realized experimentally if we use wider waveguide filled with higher plasma density. The high density plasma can be produced in the waveguide under the action of Electron Cyclotron Resonance (ECR) action. However, under such situation short microwave pulses would be more effective in order to resonantly excite the plasma wake wave.
CONCLUDING REMARKS
Based on our numerical studies we observed that the effects of microwave frequency and waveguide width are to reduce the strength of wakefield. However, larger amplitude wakefield can be generated under the situation of longer pulse duration and higher intensity of microwave. In view of all the results, it is suggested that longer microwave pulses can excite appreciable wakefield in a narrow waveguide which is filled with lower density plasma. However, short microwave pulses would be effective if the microwave sources of higher frequency are available and a higher density plasma is used in the waveguide. In each case, higher intensity pulses produce higher amplitude wakefield due to the larger perturbations occurred in the plasma density. Further, the wakefield was found to be sensitive to the microwave frequency and waveguide width. Therefore, a judicious choice of microwave pulse parameters and the waveguide dimensions can lead to larger amplitude wake field for the effective particle acceleration.
